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Multidrug resistance is a major impediment to the success of cancer chemotherapy. The overproduced P-
glycoprotein that extrudes anticancer drugs from cells, is the most common mechanism detected in
multidrug-resistant cancers. Direct measurement of cellular efflux of tumors in vivo, rather than
estimation of MDR1 mRNA and P-glycoprotein levels in samples stored or embedded, can functionally

KeyWOde-‘ characterize the mechanism of drug resistance and determine the choice of anticancer drugs for cancer
Drug resistance patients. Herewith, we introduce a new approach to directly determine P-glycoprotein efflux of tumors.
g?gﬂ;ﬁxel Employing Flutax-2 (Oregon green-488 paclitaxel) and fluorescence spectrophotometry, this method
Accumulation has successfully measured cellular transportability including efflux and accumulation in diverse cancer

cell lines, tumors and other tissues with high reproducibility. With this method, we have quantitatively
determined cellular efflux that is correlated with P-glycoprotein levels and the reversal effects of agents
in cell lines of breast, ovarian, cervical and colon cancers, and in tumor-bearing mice. It has sensitively
detected these alterations of P-glycoprotein efflux in approximately 5 mg tumor or other tissues with
high confidence. This direct and quick functional assessment has a potential to determine drug
resistance in different types of cancers after surgical resection. Further validation of this method in clinic

P-glycoprotein
Fluorescence
Cancer

settings for the diagnosis of drug resistance purpose is needed.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Multidrug resistance (MDR) of cancer cells continues to be a
major impediment to a successful chemotherapy in cancer
patients. Inherited or acquired MDR defects the therapeutic
efficacies of anticancer drugs and furthermore cancer cells
hibernate for recurrence [1-3]. MDR severely limits chemotherapy
success in any type of advanced malignancy, particularly in solid
cancers [2,3]. MDR is an outcome of sophisticated cellular
processes involved drug transport, detoxification, proliferation
arrest, apoptosis and interaction with microenvironment. Mutants
of p53 and elevated levels of Bcl-2, Her2 and glucosylceramide
synthase (GCS) contribute cellular resistance for varies of cancers
[4-6]. Among these mechanisms underlying drug resistance, the
alteration of cellular transportability including uptake and efflux is
an essential step for cancer cells eliminating chemotherapy toxins.
Efflux of drugs, due to the overexpression of ATP-binding cassette
transporters (ABC-transporters) has been found in almost all
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cancers displaying drug resistance [5,7,8]. These ABC-transporters
are located on plasma membrane and extrude xenobiotic
substances including cytotoxic drugs [5,7,9]. The transporters
mainly involved in the mediation of clinical drug resistance are
MDR protein 1 (MDR1, ABCB1, or P-glycoprotein, P-gp), MDR-
related protein 1 (MRP1, ABCC1) and breast cancer resistance
protein (BCRP, ABCG2) [10,11]. The overexpression of MDR1 that
encodes a large amount of P-glycoprotein 170 (P-gp) and extrudes
anticancer drugs from cells, is the most common mechanism
detected in MDR cancers [5,10]. MDR1, MRP1 and BCRP all exhibit
substrate “polyspecificity” and lead cell resistance to hundreds of
structurally diverse agents. Overexpression of these transporters in
cancers substantially defects therapeutic efficacies of agents
mainly categorized into anthracyclines, taxanes, Vinca alkaloids,
anthracenestaxotes and tyrosine kinase inhibitors including
genitinib and imatinib mesylate [11].

Determining the resistance mechanism, once cancer is diag-
nosed, is a critical step to improve chemotherapy for patients. It
can predict patient responsiveness to anticancer drugs and lead to
choice of more rational treatment regimens [12]. Employing more
efficient anticancer drugs, instead of potential resistant ones, can
eliminate tumors with minimal side effects in cancer patients
[13,14]. Chemotherapy sensitivity and resistance assays (CSRAs)
offer the potential of selecting cancer treatments based on
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responsiveness of individual tumor measured in vitro [15,16].
Extreme drug resistance assay (EDR) that tests the sensitivity of
isolated cancer cells exposed to extreme high concentrations of a
panel of drugs for a long period of time has been used to identify
regimens for cancer patients [15-18]. The in vitro culture
conditions limit EDR assay in evaluation of factors that exist in
the patient and affect chemo-responsiveness, such as drug
bioavailability and drug metabolism [19]. Use of CSRAs including
EDR to select chemotherapeutic agents for individual is promising,
but current evidence from patients do not support to recommend it
outside of the clinical trial setting [12,15,16].

Characterizing cancer resistance in alteration of cellular
transportability, such as increased efflux due to MDR1 over-
expression and decreased accumulation, is needed in clinical
setting [13,18,20]. Employing quantitative RT-PCR, microarray and
immunohistochemistry assays can sensitively assess the expres-
sion levels of MDR1 [21-25]. However, due to polymorphisms, N-
linked glycosylation and hyperphosphorylation frequently occur in
P-gp and others, the expression levels of these transporters always
are not consistent with cellular effluxing [26-29]. Several
approaches have been developed to evaluate the function of
P-gp efflux [13,30,31]. ®°™Tc-methoxyisobutylisonitrile (°°™Tc-
MIBI), as a substrate recognized by ABC-transporters, has been
applied in in vivo imaging to predict response to chemotherapy in
patients with lung cancer [13,32]. This functional assay can
successfully identify 94% responders to chemotherapy in lung
cancer, even through it needs in vivo injection of the °°™Tc-MIBI
and expensive equipment [13].

In the present study, we report a direct and reliable method to
determine cellular efflux of P-gp to assess individual cancer
responsiveness to chemotherapy. This method can be employed to
quickly identify cellular efflux and accumulation of tumors after
surgery.

2. Materials and methods
2.1. Cell culture and treatments

Drug-resistant NCI/ADR-RES and drug-sensitive MCF-7 human
breast cancer cells were kindly provided by Dr. Kenneth Cowan
(UNMC Eppley Cancer Center, Omaha, NE) and Dr. Merrill
Goldsmith (National Cancer Institute, Bethesda, MD) [33]. Drug-
resistant A2780-AD human ovarian cancer cell line and its drug-
sensitive counterpart A-2780 [34] were kindly provided by Dr.
Thomas C. Hamilton (Fox Chase Cancer Center, Philadelphia, PA).
Drug-sensitive KB-3-1 human cervical carcinoma cell line and its
resistant KB-A1 subline [35] were provided by Dr. Michael M.
Gottesman (National Cancer Institute). The SW620 human colon
cancer cell line and the doxorubicin-selected SW620AD cells [36]
were kindly provided by Drs. Susan Bates and Antonio Fojo
(National Cancer Institute). All cell lines were cultured in RPMI-
1640 medium containing 10% fetus bovine serum (FBS), 100 units/
ml penicillin, 100 pg/ml streptomycin and 584 mg/l L-glutamine.
Cells were maintained in an incubator humidified with 95% air and
5% CO, at 37 °C. FBS was purchased from Thermo Scientific
(HyClone, Waltham, MA), and RPMI-1640 medium and other
supplements were purchased from Invitrogen (Carlsbad, CA).

For MBO-asGCS (mixed backbone oligonucleotide against
glucosylceramide synthase) treatment, NCI/ADR-RES cells
(2 x 10° cells/100-mm dish) were growth in 10% FBS RPMI-1640
medium overnight and increasing concentrations of MBO-asGCS
(50-200 nM) were introduced into cells with the facility of
Lipofectamine 2000, as described previously [37]. Cells were
cultured with MBO-asGCS in 10% FBS RPMI-1640 medium for 6
days, as an additional transfection of MBO-asGCS with the same
conditions was conducted at day 3. MBO-asGCS was synthesized to

target the ORF 18-37 of human glucosylceramide synthase and
purified by reverse-phase HPLC and desalting in Integrated DNA
Technologies (Coralville, 1A) [37]. The Lipofectamine 2000 and
Opti-MEM [ reduced-serum medium were purchased from
Invitrogen for MBO-asGCS transfection.

2.2. Measurement of cellular transportability-accumulation
and efflux

The measurements were performed as described previously
[38] with modification. Flutax-2 (Oregon green 488 paclitaxel) was
purchased from Invitrogen (Cat. P22310). Cells (50,000 cells/well)
were plated in 24-well plates and grew in 10% FBS RPMI-1640
medium overnight. After PBS rinsing, cells were incubated with
Flutax-2 (0.01-1.0 wM for kinetics, 500 nM for other assays) in
Opti-MEM [ reduced-serum medium, at 37°C for 120 min.
Following removal of Flutax-2 medium, the cells were rinsed
with 1 ml of ice-cold PBS, trypsinized and collected into 1.5 ml of
Ependorf tubes. Cells were centrifuged for 5 min at 2500 rpm
(Ependorf microcentrifuge) and washed with 1 ml ice-cold PBS
three times to remove extracellular Flutax-2, and then resus-
pended in 300 wl medium. A portion of cell suspension (100 1)
was transferred into 96-well black plates to measure fluorescence.
Fluorescence intensity was measured at Aexcitation 485 nm and
Aemission 529 nm (sensitivity at 100) using Synergy HT multi-
detection microplate reader (BioTek, Winnooski, VT). For efflux,
after 2 h Flutax-2 incubation, the cells were rinsed with ice-cold
PBS three times and incubated with 250 pl fresh medium at 37 °C
for additional 2 h. After incubation, the 250 pl medium was
transferred into 96-well black plates to measure Flutax-2
extruded.

To inhibit P-gp function, NCI/ADR-RES cells were exposed to
verapamil (2.5-50 wM) in 5% RPMI-1640 at 37 °C for 2 h, before the
analysis of accumulation and efflux. Verapamil hydrochloride was
purchased from Sigma-Aldrich (St. Louis, MO). To repress MDR1
expression, NCI/ADR-RES cells were transfected with MBO-asGCS
(50-200 nM) twice and grown in 10% FBS RPMI-1640 medium for 6
days.

The data for accumulation or efflux were normalized against
total proteins. Efflux was calculated as the fluorescence intensity of
Flutax-2 extruded into medium (extrusion) divided by the
fluorescence intensity accumulated in cells (accumulation) in
the same condition. All data represents the mean + SD from triplets
and experiments were repeated at least 3 times. Two-tailed student’s
t test was used to compare mean values. Cellular accumulation and
efflux of Flutax-2 were simplified as enzymatic processing (nonlinear
regression, Michaelis—Menten constant) and calculated using Prism
V4 program (GraphPad software, San Diego, CA).

To analyze accumulation and efflux close to in vivo condition,
tumors or tissues resected were immediately pieced with straight
microscissor in RPMI-1640 medium (100 mg/100 pl) containing
collagenase IV (500 units/ml; from Sigma-Aldrich) and dispersed
with incubation at 37 °C for 30 min. Tissue suspension for each
sample was divided into three parts (10 mgeach in 10 .l medium),
and an equal value of Flutax-2 medium (2 M) was added to reach
1 wM concentration of Flutax-2 for accumulation incubation. For
kinetic study, NCI/ADR-RES tumor suspensions were incubated
increasing concentrations of Flutax-2 (0.05-1.0 uM, final). The
suspensions were continuously incubated at 37 °C for 2 h. The
accumulation of Flutax-2 in tissue suspensions was observed on
smear slides during incubation period and photomicrographed
using Nickon microscope (Eclipse-TS100). The accumulation of
tissues was measured after centrifugation and ice-cold PBS
washing three times as described above. For efflux of tissues,
after 2h of Flutax-2 incubation, the suspension cells were
centrifuged and rinsed with ice-cold PBS twice, and incubated in
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fresh medium at 37 °C for additional 2 h; the medium after
incubation was transferred into 96-well black plates to measure
Flutax-2 efflux.

To test the influence of storage condition in cellular transport-
ability, the pieces of NCI/ADR-RES tumor (~50 mg) resected were
putinto 1.5 ml Ependorf tubes and stored in refrigerator about 4 °C
for further measurements. After the storage intervals, the tumor
pieces were warmed in RPMI-1640 medium (100 mg/100 1)
containing collagenase IV (500 units/ml) at 37 °C for 5 min and
pieced with straight microscissor. After 30 min incubation, tumor
suspensions were divided, mixed with equal value of Flutax-2
medium (2 pM, to reach 1 wM final concentration) and then
incubated at 37 °C to analyze accumulation and extrusion, as
described above.

2.3. Western blot

Western blot analysis was performed as described previously
[6,9]. Briefly, Drug-resistant and drug-sensitive cancer cells (3 x 10°
per 100-mm dish) were cultured in 10% FBS RPMI-1640 medium for
48 h and harvested using the NP40 cell lysis buffer (Biosource,
Camarillo, CA). The amounts of detergent-soluble proteins were
measured using a bicinchoninic acid (BCA) protein assay kit (Pierce,
Rockford, IL, USA). Equal amount of total detergent-soluble proteins
(50 pg/lane) were resolved using 4-20% gradient SDS-PAGE
(Invitrogen). The transferred blots were blocked with 5% fat-free
milk in PBS and then incubated with primary antibodies (anti-P-gp
antibody, C219 or anti-GADPH antibody; 1:1000 dilution) at 4 °C for
overnight. The antigen-antibody in blots was detected by using
horseradish peroxidase (HRP) and enzyme-linked chemilumines-
cence (ECL) plus substrate (GE Healthcare, Piscataway, NJ) Anti-
human P-gp antibody (C219) was purchased from Zymed (Carlsbad,
CA). Endogenous GAPDH was used as internal control. The levels of
P-gp were represented by the ratios of optical densities in P-gp bands
normalized against GAPDH. To repress MDR1 expression, NCI/ADR-
RES cells were treated with MBO-asGCS (50-200 nM) for 6 days as
described above.

2.4. Tumor-bearing mice and treatment

The animal study was approved by the IACUC of University of
Louisiana at Monroe (ULM) and conducted as described previously
[37]. Athymic nude mice (Foxn1™/Foxn1*, 4-5 weeks, female) were
purchased from Harlan (Indianapolis, IN) and maintained in the
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ULM vivarium. NCI/ADR-RES and SW620AD cell suspensions (3-5
passages, 1 x 106 cells in 20 .l per mouse) were injected into the
left flank of each mouse. When tumors reached ~5mm in
diameter, mice were randomly allotted to different groups (6
mice per group). MBO-asGCS treatments (1 mg/kg every three
days)were administered intratumorally in mice with NCI/ADR-RES
or SW620AD xenografts for 3 times. Saline groups were
intratumorally injected the same volume of serum-free medium.
Tumors and other tissues were resected in the second day
following last injection. Verapamil treatment (15 mg/kg/day)
was intraperitoneally administered in mice with NCI/ADR-RES
tumors for 2 days; tissues were resected in 7 h following last
injection of verapamil.

3. Results
3.1. Quantitation of the accumulation and efflux of cells using Flutax-2

We used commercially available florescent substrate of P-gp,
Flutax-2 (Oregon green-488 paclitaxel) to measure cellular
accumulation and efflux in cancer cell lines and tumors.
Fluorescence Oregon green-488 is attached by derivatizing the
7B-hydroxy group of native paclitaxel. Paclitaxel is a specific
substrate of P-gp and is broadly used in standard treatment for
several solid cancers [11,39]. Therefore, the cellular efflux of
paclitaxel represents P-gp function as well as potential tumor
responsiveness to anticancer drugs [40]. With high cell perme-
ability, Flutax-2 has been used as a tubulin tracker for live-cell
imaging and kinetics study of paclitaxel in cells [38,40,41]. To
examine whether Flutax-2 is a suitable tracker for cellular
transportability, we examined the kinetics of Flutax-2 and its
association with the P-gp in NCI/ADR-RES cancer cells that
overexpress P-gp and display MDR [33]. After 2 h incubation,
cellular fluorescent intensities of Flutax-2 (accumulation) were
linearly correlated to the Flutax-2 concentrations (0.01-1.0 wM;
12 =0.99) added in medium (Fig. 1A, Table 1). The accumulation
constant of Flutax-2 (Km-accumulation) 1S 2.49 .M (Table 1). The
extruded amounts of Flutax-2 (extrusion) were linearly correlated
to the concentrations of Flutax-2 added in medium () = 0.99). In
these conditions, the extrusion constant of Flutax-2 (Km-extrusion) iS
1.31 uM and the efflux of Flutax-2 is 0.53 (Fig. 1A, Table 1). The
Flutax-2 Kpm_extrusion in NCI/ADR-RES cells is about 12-fold lower
than the K, reported for human intestinal epithelial Caco-2 cells
using [*H]paclitaxel (1.31 wM vs. 16.5 uM) [42].
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Fig. 1. Quantitation of cellular accumulation and efflux using Flutax-2. (A) Cellular accumulation and extrusion. Human NCI/ADR-RES cells were incubated with increasing
concentrations of Flutax-2 for 2 h. Cellular Flutax-2 was measured to evaluate cellular accumulation (dashed line). After additional 2 h incubation, the extruded Fluta-2 in
medium was measured to evaluate cellular extrusion (solid line). (B) Detection of cellular efflux after P-gp inhibition. After verapamil pre-treatments (2 h), NCI/ADR-RES cells
were incubated with Flutax-2 (500 nM) for the accumulation and extrusion. *, p < 0.001 compared with vehicle control in accumulation; **, p < 0.001 compared with vehicle
control in efflux; efflux#, efflux (efflux/accumulation) is presented as percents in solid circles and line.
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Table 1
Kinetics of Flutax-2 accumulation and efflux in NCI/ADR-RES cells and tumors.
Accumulation Extrusion Efflux
(extrusion/
Kim-accumulation Vz Kim-extrusion 7/2 accumulation)
Cells 249+045pM 0999 1.31+£025puM 0996 0.526
Tumors 2.70+£1.03pM 0.994 1.16+£025puM 0.995 0429

32, correlation coefficient analyzed using nonlinear regression or sigmoid dose-
response with variable slope model. Ky accumulation @aNd Km_extrusions Michaelis-
Menten constants of accumulation and extrusion.

To examine whether this new method can precisely describe
cellular transportability in vivo, we measured accumulation and
efflux of Flutax-2 in NCI/ADR-RES cells after verapamil treatment.
Verapamil, a specific inhibitor of P-gp can effectively decrease
cellular efflux in cells overexpressing MDR1 [42,43]. We found that
verapamil inhibited P-gp effluxing in NCI/ADR-RES cells. As
showed in Fig. 1B, this method detected cellular accumulation
increased and extrusion decreased in dose-dependent fashion,
particularly at 10-50 .M concentrations of verapamil. Verapamil
treatment (50 wM) significantly increased cellular accumulation
by approximately 10-fold (192,425 vs. 19,775 fluorescence
intensity, FI) and decreased the efflux (extrusion/accumulation)
by 2-fold (0.58 vs. 0.24). These data indicate that this Flutax-2
spectrophotometry method can quantitatively detect cellular
efflux of P-gp.
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3.2. Validation of cellular efflux with P-gp levels in MDR cancer cells

To further validate this method, we examined the correlation of
cellular transportability and MDR1 expression in 4 paired drug-
resistant and drug-sensitive-cell cancer lines. MDR1 was over-
expressed in all of these drug-resistant human cancer cell lines. As
compared with drug-sensitive counterparts, P-gp protein levels
were approximately 3-13-fold greater in drug-resistant NCI/ADR-
RES, KB-A1, SW620AD and A2780AD cell lines (Fig. 2A). The
cellular accumulation was substantially decreased and cellular
efflux was increased in drug-resistant cells due to MDR1 over-
expression (Fig. 2A, B). The amounts of Flutax-2 accumulation were
decreased by 11-fold in NCI/ADR-RES, 11-fold in A2780AD, 6-fold
in KB-A1, and 8-fold in SW620AD cells, as compared to drug-
sensitive cells, respectively. In contrast, the efflux of Flutax-2 were
increased to 150% (0.58 vs. 0.39) in NCI/ADR-RES, 255% (0.49 vs.
0.19) in A2780AD, 175% (0.69 vs. 0.39) in KB-A1 and 147% (0.53 vs.
0.36) in SW620AD cells, as compared to drug-sensitive counter-
part.

We also examined the cellular transportability in cells that
MDR1 expression was suppressed. GCS, converting ceramide to
glucosylceramide, is associated with drug resistance in cancer;
suppressing GCS represses MDR1 expression [6,9]. MBO-asGCS is
an novel oligonucleotide to specifically silence human GCS
expression [37]. As showed in Fig. 2C, MBO-asGCS treatments
(50-200 nM, 6 days) significantly inhibited MDR1 expression in
NCI/ADR-RES cells. The P-gp levels decreased to 65%, 39% and 22%
at 50, 100 and 200 nM concentrations of MBO-asGCS. With the
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Fig. 2. Examination of cellular accumulation and efflux in diverse cancer cell lines. (A) P-gp protein levels. Equal amount of detergent-soluble cell proteins (50 pg/lane) were
resolved using SDS-PAGE and were immunoblotted with anti-P-gp antibody. The levels of P-gp were presented in the ratios of P-gp/GAPDH densities. *, p < 0.001 compared
with drug-sensitive counterpart. (B) Cellular accumulation and efflux of cancer cells. Cells were incubated with Flutax-2 (0.5 wM) for 2 h to measure the accumulation. After
washing, the cells were incubated in fresh medium for additional 2 h to measure the efflux. *, p < 0.001 compared with drug-sensitive counterpart. (C) P-gp in cells after MBO-
asGCS treatment. NCI/ADR-RES cells were treated with MBO-asGCS for 6 days. Equal amount of detergent-soluble proteins (50 wg/lane) were resolved and were
immunoblotted with anti-P-gp antibody. *, p < 0.001 compared with vehicle control. (D) The accumulation and efflux of cells after MBO-asGCS treatment. After MBO-asGCS
treatments, NCI/ADR-RES cells were incubated with Flutax-2 (0.50 wM) for accumulation and efflux assay. *, p < 0.001 compared with vehicle control.
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decreases of P-gp, the amounts of Flutax-2 accumulation were
increased by 2-fold (4620 FI vs. 2178 FI), 5-fold (11,128 FI wvs.
2178 FI), and 7.5-fold (16,400 FI vs. 2178 FI) in cells after these
treatments (Fig. 2D). The cellular efflux in NCI/ADR-RES cells was
decreased in dose-dependent fashion after MBO-asGCS treatment
(Fig. 2D). The efflux reduced to 43% and 33% at 100 and 200 nM
concentrations of MBO-asGCS, as compared to vehicle treatment,
respectively (Fig. 2D). These data indicate this functional assay can
be used to measure cellular efflux and accumulation in diverse cell
lines and in status that MDR1 expression manipulated by other
agents.

3.3. Quantitation of the accumulation and efflux of Flutax-2 in tissues

After examined in different conditions, we found that incuba-
tion of Flutax-2 with freshly prepared cell suspension of tissues
would be a reliable approach to assess cellular transportability in
vivo. Suspending tissues have been frequently used to isolate stem
cells and to measure enzyme activity in vivo recently [44,45].
However, it is barely tested whether tissue suspension is
applicable for cellular transportability analysis. To ensure that
freshly prepared suspension of tissues could retain transport-
ability, we pieced tissues and dispersed them with collagenase
immediately after resection and conducted the measurement of
accumulation and extrusion. As showed in Fig. 3A, the cell
suspensions of tumor (NCI/ADR-RES), small intestine and liver
substantially took Flutax-2 up (green fluorescence) after 2 h
incubation. The cellular accumulation and extrusion of Flutax-2 in
these tissues are dependent on the amounts of tissues; the
correlation coefficients of accumulation and extrusion are 0.95-
0.99 in the suspensions of tumor, small intestine and liver (Fig. 3B).
We found that the capacities of accumulation and extrusion of
tumor were significantly less than small intestine and liver. The
accumulation capacity of tumor is 11-fold less than small intestine

(6621 FI/mg vs. 580 FI/mg) and 9-fold less than liver (5244 FI/mg
vs. 580 FI/mg); the extrusion capacity of tumor is 10-fold less than
small intestine (2366 FI/mg vs. 238 FI/mg) and 9-fold less than
liver (2169 FI/mg vs. 238 FI/mg). Efflux values are 0.41 in tumor,
0.36 in small intestine and 0.41 in liver, respectively. This method
is able to detect cellular efflux confidently in approximately 5 mg
of tissues or tumors (Fig. 3B).

3.4. Validation of cellular efflux with P-gp in tumors

To test whether tumor suspensions can be used for cellular
transportability assay, we measured the kinetics of Flutax-2 in
tumors generated from NCI/ADR-RES cells. As showed in Fig. 4,
cellular fluorescence intensities were lineally correlated to the
Flutax-2 concentrations added in the medium (0.01-1.0 uM,
12 =0.99). The accumulation constant of Flutax-2 (Ki-accumulation)
in tumor suspension is 2.70 wM. The extruded Flutax-2 amounts
were linearly correlated to Flutax-2 concentrations added in
medium (37 = 0.99). In these conditions, the extrusion constant of
Flutax-2 (Km-extrusion) iN tumor suspensions is 1.16 wM and the
efflux value of the tumors is 0.43. The values of K;,_accumutation» Km-
extrusion and efflux of tumor suspensions are close to these in NCI/
ADR-RES cells that are used to generate these tumors (Table 1).
These data indicate that cell suspensions of tumors, possible of
other tissues prepared in this study are proper source for
transportability assay.

We examined whether this method can detect the alterations of
cellular efflux in different types of tumors after treatments. Mice
bearing tumor xenografts of NCI/ADR-RES and SW620AD were
treated with MBO-asGCS, since both coincidently overexpress
MDR1 and GCS [36,46] and MBO-asGCS represses MDR1 expression
(Fig. 2C). MBO-asGCS treatments (1 mg/kg every 3 days) sig-
nificantly decreased MDR1 expression as detected using Western
blotting (Fig. 5). The levels of P-gp were decreased by approxi-
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Fig. 3. Accumulation and extrusion of Flutax-2 in tissues. (A) Flutax-2 accumulation in cell suspension of tissues. Cell suspensions of NCI/ADR-RES tumor, small intestine and
liver of athymic mice were incubated with Flutax-2 (1 wM) in medium containing collagenase IV. The smear slides from each incubation condition were observed under
microscope (left side, bright field; right side, fluorescence filed). (B) Accumulation and extrusion of Flutax-2 in cell suspensions of tumor, small intestine and liver. Increasing
amounts of cell suspensions were incubated with Flutax-2 (1 wM) in medium containing collagenase. After 2 h, cellular Flutax-2 was measured to evaluate accumulation
(dashed line). The extrusion of the suspensions was measured after 2 h additional incubation (solid line).
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Fig. 4. Kinetics of Flutax-2 accumulation and extrusion in tumors. Cell suspensions
of NCI/ADR-RES tumors were incubated with Flutax-2 (1 wM) in medium
containing collagenase. After 2 h incubation, cellular Flutax-2 was measured to
evaluate accumulation (dashed line). The efflux of tumor cell suspension was
measured after 2 h additional incubation (solid line). The parameters of kinetics
were evaluated and presented in Table 1.
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Fig. 5. Alterations of P-gp in tumors of mice after treatments in vivo. After MBO-
asGCS treatments, NCI/ADR-RES and SW620AD tumors were removed and used to
extract proteins. Equal amount of detergent-soluble proteins (50 pg/lane) were
resolved using SDS-PAGE and were immunoblotted with anti-P-gp antibody. P-gp
levels were presented in the ratios of P-gp/GAPDH densities. *, p < 0.001 compared
with saline treatments.

mately 4 times in drug-resistant NCI/ADR-RES and SW620AD
xenografts (Fig. 5). Employing Flutax-2 spectrophotometry assay,
we found that MBO-asGCS treatments substantially increased
cellular accumulation and decreased extrusion in both models
(Table 2). The amounts of accumulation were 7-fold greater
(36,061 Flvs. 5193 FI) in the NCI/ADR-RES, and 6-fold (35,925 Fl vs.
5865 FI) greater in the SW620AD xenografts, as compared with
saline groups, respectively (Table 2). MBO-asGCS treatments
considerably decreased P-gp effluxing, and the values of efflux
were decreased by more than 2-fold in NCI/ADR-RES (0.42 vs. 0.18)
and in SW620AD xenografts (0.40 vs. 0.17), as compared with each
saline group. Moreover, this method detected alteration of efflux
in NCI/ADR-RES tumors after verapamil treatment (15 mg/kg,
Table 2). Verapamil significantly increased the accumulation by
approximately 8-fold (40,995 vs. 5193) and decreased the efflux by
2.4-fold (0.42 vs. 0.17) in NCI/ADR-RES tumors.

Table 2
Cellular accumulation and efflux of tumors after P-gp inhibition in vivo.
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Fig. 6. Cellular transportability of tumor after storage. After resection, NCI/ADR-RES
tumor tissues were stored in 4 °C for indicated periods of time. The cell suspensions
of tumors were incubated with Flutax-2 (1 wM) in RPMI-1640 medium containing
collagenase to measure cellular accumulation and extrusion. *, p < 0.001 compared
with fresh tumors. Efflux#, efflux (efflux/accumulation) is presented as percents in
solid circles and line. Data represent mean =+ SD of triplicates.

We tested cellular transportability of NCI/ADR-RES tumors that
were stored at 4 °C. The accumulation, extrusion and efflux of
tumors were stable after 2-6 h storage. However, the accumula-
tion was decreased to 65% (3415 Flvs. 5242 FI) and 24% (1255 Fl vs.
5242 FI) after 12 and 24 h of storage, as compared to fresh tumor
tissues (Fig. 6). The values of efflux were dropped to approximately
84% (0.35 vs. 0.414) after 12 and 24 h of storage. It suggests that
decrease of cell permeability for Flutax-2 reduces the detection
sensitivity of this assay after sample storage.

4. Discussion

We have developed a new functional assay using Flutax-2
and spectrometry to directly quantitate cellular efflux, thus
determining the drug resistance of cancers that overproduce P-
gp. Fluorescent dye Rodamine 123 has been used to quickly
characterize P-gp and drug resistance in cancer cells [6,47]. In this
study we used Flutax-2, a fluorescent derivative of paclitaxel with
high diffusion coefficient to cells and tumors [41,48]. Besides being
one of most effective drugs for solid tumor treatments, paclitaxel is
a specific substrate of P-gp and [>H]paclitaxel has been broadly
used to study the effluxing [49,50]. Present study has demon-
strated that measurement of Flutax-2 using fluorescence spectro-
meter can accurately assess cellular efflux. In NCI/ADR-RES cells,
the accumulation and extrusion of Flutax-2 intensities are linearly
increased with the Flutax-2 concentrations before both reach
each saturation level in incubations. The constants of accumulation
(Km-accumulation) and extrusion (Km-extrusion) are 2.49 and 1.31 wMin
NCI/ADR-RES cells, respectively (Fig. 1A, Table 1). This method can
precisely measure the alterations of cellular efflux mainly
depending on P-gp levels. We have detected the increase of
accumulation and decrease of efflux of NCI/ADR-RES cells treated
with verapamil in a dose-dependent fashion (Fig. 1B). In four
paired cell lines of human breast (MCF-7), ovarian (A2780),

NCI/ADR-RES tumors (6 mice/group)

SW620AD tumors (6 mice/group)

Accumulation Extrusion Efflux Accumulation Extrusion Efflux
Saline 5193 +179 2206 + 56 0.420 5865 + 43 235048 0.401
MBO-asGCS 36061 +204" 6300+98 0.175 35925 +288" 6153 +283" 0.171°
Verapamil 40995 +901" 7081+£437 0.172 N/A

" P<0.001 compared with saline treatment in corresponding condition.
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cervical (KB-3-1) and colorectal cancers (SW620), the alterations of
cellular efflux as well as accumulation measured by using this
method are consistent with P-gp protein levels and much
sensitively represent P-gp status (Fig. 2A, B). Furthermore, this
method has detected the decrease of efflux with P-gp suppression
in NCI/ADR-RES cells treated with MBO-asGCS (Fig. 2C, D). Taken
together, these results suggest that Flutax-2 can freely diffuse to
different cancer cells and its extrusion as well as retention mainly
depends on the levels of P-gp in cells. This method can be
employed to determine drug resistance resulted from increased
levels of P-gp and evaluate the effectiveness of agents in the
reversal of cancer drug resistance.

Our examinations have proved that this method is suitable to
assess drug resistance in tumors that overproduce P-gp. Flutax-2
has substantially accumulated in cell suspensions of tumor, small
intestine and liver after 2 h incubation (Fig. 3A). The accumulation
and extrusion of Flutax-2 are linearly increased with the amounts
of these tissues (Fig. 3). Flutax-2 spectrometry can sensitively
measure the accumulation and extrusion in cell suspensions
generated from approximately 5 mg tissues. In the tumor
xenografts (NCI-ADR-RES), the intensities of accumulation and
efflux are highly correlated with Flutax-2 concentrations in
incubations (0.01-1.0 wM) (Fig. 4). The constant of accumulation
(Km-accumulation) that represents accumulation rate of Flutax-2
depending on the diffusion and the efflux in tumors (NCI/ADR-RES)
is close to that in NCI/ADR-RES cells (2.70 pM vs. 2.49 uM)
(Table 1). The extrusion constant (Ky_extrusion) that displays P-gp
function in tumors (NCI/ADR-RES) is similar to that in NCI/ADR-
RES cells (1.16 M vs. 1.31 wM) (Table 1). MBO-asGCS treatments
suppress P-gp protein and verapamil inhibits the efflux of P-gp in
tumors (NCI/ADR-RES, SW620AD) (Fig. 2C, Fig. 5, Table 2). The
values of efflux as well as accumulation detected are consistent
with P-gp inhibition and precisely represent the reversal effects of
these agents in vivo (Table 2). These demonstrate that applying this
method measuring P-gp efflux in tumors can assess drug resistance
and evaluate the reversal efficiency of agents.

The present method is advanced in several aspects, compared
with other assays used to measure cellular efflux. Non-specific
cytoplasmic esterase that converts intracellular calcein-AM into
fluorescent calcein may limit the application of calcein-AM based
assays in certain cancer cells or tumors [31]. Using Bodipy-FL-
verapamil (even at low concentrations) to measure P-gp efflux [51]
may underestimate the degree of drug resistance in some cases;
since that verapamil is an effective blocker of P-gp. The
accumulation of Flutax-2 in cancer cells or tumors directly
indicates the pharmacokinetics of paclitaxel or drugs for cancer
treatment. The efflux of Flutax-2 represents P-gp function
extruding anticancer drugs and leading to drug resistance. Using
fluorescence spectrometer to measure Flutax-2 is simple and can
be easily conducted in clinic laboratory.

It is noted that solid tumors always have cells varying in
expression of genes including MDR1 and this heterogeneity in
sampled tumor tissues may affect the analysis results. The kinetic
study of Flutax-2 shows that the tumor efflux is lower than in NCI/
ADR-RES cell line that was used to generate the tumors (0.43 vs.
53, Table 1). However, the alterations of the efflux with P-gp
inhibition in the tumors after MBO-asGCS and verapamil
treatments (Fig. 5, Table 2) are consistent with the decreased
degrees of the efflux in NCI/ADR-RES cells after these treatments
(Fig. 3C, D). It may suggest that tumor heterogeneity has minimal
effect on employing this method to assess drug resistance of
tumors. This method can be used to precisely assess P-gp drug
resistance in fresh tumor samples. However, further validation of
this method in clinic settings for the diagnosis of drug resistance
purpose, and improvement of the sample storage conditions are
needed.
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